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Abstract: We propose a novel and strikingly simple design for all-optical bit-rate-transparent RZ-
to-NRZ conversion based on optical phase filtering. The proposed concept is experimentally 
validated through format conversion of a 640 Gbit/s coherent RZ signal to NRZ signal.   
              OCIS codes: (060.2330) Fiber optics communications; (070.2615) Frequency filtering; (200.4560) Optical data processing 
 
1. Introduction  
Optical format conversion is an important functionality in nodes interfacing optical communication networks 
operating with different modulation formats [1, 2]. Format conversion between return-to-zero (RZ) and non-return-
to-zero (NRZ) on-off keying (OOK) formats is one essential conversion, since both formats are mature and widely 
used in different parts of the networks, e.g., the RZ format is typically adopted in time division-multiplexing (OTDM) 
systems to be able to perform pulse multiplexing, while the NRZ format is preferred in wavelength-division-
multiplexing (WDM) systems due to its higher spectral efficiency [1, 2]. Schemes based on linear optical signal 
processing for RZ-to-NRZ format conversion have attracted great interest due to their intrinsic simplicity, suitability 
for high speed operation and stable performance. Present linear RZ-to-NRZ format converters rely on the use of a 
periodic amplitude or phase ﬁlter with a free spectral range (FSR) precisely fixed to twice the bit rate of the incoming 
RZ data signal [1-3]. However, this method requires accurate adjustment of the ﬁlter FSR for different bit rates and 
therefore is bit-rate dependent. In addition, fabrication of such high-precision periodic filters is challenging due to 
practical fabrication errors [4].  
In this paper, we propose and theoretically analyze the performance of a new, strikingly simple concept to perform 
RZ-to-NRZ conversion based on spectral phase filtering of the carrier frequency component of the incoming RZ data 
signals. A key advantage of the proposed format converter is that it removes the bit-rate dependency and realizes high-
Q-factor format conversion over a wide bit-rate range, without requiring any additional tuning or adjustments, thus 
significantly simplifying the filter design and implementation. Further, we experimentally demonstrate the desired 
format conversion at 640 Gbit/s by manipulating the spectral phase of a coherent RZ signal using a commercial linear 
optical waveshaper.  
2. Operation Principle and Simulation Results 
The operation principle of the proposed approach is illustrated through the results in Figs. 1(a)-(f), which show 
numerical simulations of the evolution of the input RZ signal through the conversion system both in the frequency 
domain (Figs. 1(a)–(c)) and in the time domain (Figs. 1(d)–(f)). Figs 1(a) and (d) show the spectrum and eye diagram 
of an input RZ data signal with a pseudorandom bit sequence (PRBS) of 27-1, FWHM of 720 fs and bit rate of 640 
Gbit∕s. In Fig. 1(d), the red curve shows the spectral phase of the used phase filter with a spectral line-width of Fb = 9 
GHz. This phase filter π-phase-shifts the carrier frequency component of the RZ signal with respect to the rest of the 
signal spectrum. In Fig. 1(e), the solid blue curve shows the spectrum of the RZ signal after phase filtering: the filtered 
energy spectrum remains unchanged with respect to that of the input signal. However, the time-domain eye diagram 
(shown in Fig. 1(b)) reveals the successful conversion from RZ to NRZ. It is worth mentioning that the amplitude 
ripples of the converted NRZ signal after the phase filter are significantly lower than those typically obtained using 
present amplitude/phase filtering approaches [1-3]. The quality of the converted NRZ signal can be further enhanced 
by an additional optical band-pass filter (OBPF), to remove spectral components associated to the fast temporal 
features that can be observed in the base-line of the eye diagram shown in Fig. 1(b). The 3-dB bandwidth of the 
Gaussian-shape OBPF used in this example is 820GHz, as depicted in Fig 1(e). Figs. 1(c) and (f) show the eye diagram 
and spectrum of the final converted NRZ signal after filtering by the OBPF. 
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Fig. 1. Numerical simulation results. (a)-(f): Spectra and eye diagrams evolution of an input RZ signal through a format converter from RZ to 
NRZ at 640 Gbit/s. (a) and (d) are the spectrum and eye diagram of the input RZ signal. (b) and (e) are the spectrum and eye diagram of the RZ 
signal filtered by the phase filter (PF) shown in (d) (red curve). (c) and (f) are the spectrum and eye diagram of the converted NRZ signal, 
following OBPF with the filter shown in (e) (green curve). (g) and (h) show the temporal traces of the input and output data signals. 
Notice that in this scheme, the bit pattern of the input data signal is also inverted at the output data signal, 
performing a logic NOT gate operation, as shown in Figs. 1(g) and (h). The defined phase filter can be practically 
implemented using a variety of technologies, such as a line-by-line optical pulse shapers (used in the experiments 
reported here), fiber Bragg gratings (FBGs), thin film filters, or photonic ring resonators, among others [3]. 
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Fig. 2.  (a) Q-factor, and (b) and (c) amplitude ripple of one and zero levels of the converted NRZ versus spectral line-width of the PF and 
bandwidth of the OBPF for 640 Gbit/s RZ-to-NRZ format conversion. (d)-(c) Q-factor versus operating bit-rate for fixed filtering characteristics. 
For a good format conversion, both a high Q-factor (defined as Q = (P1-P0) / (σ1+σ0), where P1 and P0 are the means 
and σ1 and σ0 denote the standard deviations of the logic “one” and “zero” levels, respectively) and low amplitude 
ripples (defined as the peak-to-peak power deviation of the high and low levels for the logic “one” and “zero”, 
respectively, in the converted NRZ normalized eye diagram) are required for the converted signal [2]. Figs 2(a)-(c) 
analyze the Q-factor and amplitude ripples of the converted NRZ signal as a function of spectral line-width of the 
phase filter and the OBPF 3-dB bandwidth at a bit-rate of 640 Gbit/s. As can be inferred from Figs 2(a)-(c), the line-
width of the phase filter (Fb) should be narrower than ~10 GHz for high-quality format conversion. One can also find 
that a higher Q-factor and lower one-level amplitude ripple can be achieved as the OBPF’s bandwidth is increased 
(Figs.2 (a) and (b)). Indeed, the highest Q-factor (~55) and the lowest one-level amplitude ripple are already obtained 
using only the phase filter. However, in order to reduce the amplitude ripple of the zero-level to its minimum value, 
an additional OBPF of ~500GHz bandwidth is required. Therefore, there is a trade-off between Q-factor and zero-
level amplitude ripple. An OBPF with a bandwidth around 820 GHz will result in an optimum RZ-to-NRZ format 
conversion performance, with a Q-factor of ~36, corresponding to the ellipses in Figs. 2(a)-(c).  
Finally, it should be pointed out that since this technique relies only on spectral phase manipulation of the input 
carrier component, even if the operating bit-rate varies, the relative positions of the phase filter and carrier frequency 
of the RZ spectrum remains unchanged. Therefore, this technique is transparent to the input bit-rate. This key feature 
is illustrated in Figs. 2(d) and (e), where the designed phase filter for a 640 Gbit/s RZ-to-NRZ format conversion (for 
example, Fb = 1GHz and FWHM of OBPF = 820GHz) is tested for different input bit rates. Fig. 2(d) shows the case 
when only the phase filter is employed for the format conversion. This results in Q-factors greater than 40 as well as 
wide open eye diagrams over a wide range of input bit rates (well over Tbit/s). Inserts are eye-diagrams of the 
converted NRZ data signals at 80, 320, and 1280Gbit/s, respectively. Fig. 2(e) shows the case when an OBPF of 
820GHz bandwidth is employed after the phase filter. Indeed, from the simulation results, we estimate that the 
optimum OBPF bandwidth for a given bit rate is ~1.3 times the bit rate. Therefore, in this example, the Q-factor will 
drop significantly for the bit-rate of 1280Gbit/s.  
3. Experimental Results  
In this section, we report a proof-of-concept experiment to validate the proposed method by performing RZ-to-NRZ 
conversion at a bit rate of 640 Gbit/s. Fig. 3(a) presents the experimental setup for the target format conversion. The 
transmitter block generates a coherent RZ data signal at 640 Gbit/s [3] and delivers the generated data signal to the 
format conversion sub-system, comprising the proposed phase filter and OBPF. A line-by-line pulse shaper (Finisar 
WaveShaper 4000S) has been programmed to produce the needed filtering specifications, i.e., a spectral phase filter 
with Fb = 13GHz and a Gaussian amplitude filter with 820GHz FWHM. The spectra of the 640 Gbit/s input RZ and 
output NRZ signals, together with the spectral phase profile of the phase filter, are depicted in Fig. 3(b). As mentioned 
above, the output signal spectrum is identical to that of the input signal, except for the fact that the output signal’s 
spectrum is slightly narrower owing to the OPBF. Fig. 3(c) and (d) illustrate the temporal intensity traces of (c) the 
640 Gbit/s input RZ data signal and (d) the converted NRZ signal at the output, measured by a 500-GHz bandwidth 
optical sampling scope; the insets are measured in averaging mode. As can be clearly seen, the proposed concept has 
implemented the target RZ-to-NRZ format conversion. It should be noted that the spectral line-width of the phase 
filter, which is determined by the minimum bandwidth of the employed waveshaper, is relatively far from the predicted 
optimal regions shown in Figs 2(a)-(c), therefore the output NRZ exhibits an amplitude modulation. Finally, BER 
measurements are carried out to analyze the quality of the time-demultiplexed data of the input and output signals. 
Fig. 3(e) shows receiver sensitivities at a BER of 10−7 for all 64 channels of the input (blue circle) and output (red 
square) signals. In average, the output signal has the same receiver sensitivity as the input signal. 
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Fig. 3. (a) Experimental setup; (b) Spectra of the input (blue) and output (red) signals as well as spectral phase profile of the phase filter (green); 
(c) and (d) Measured temporal waveforms of the input RZ and output NRZ signals, respectively. (c) Receiver sensitivities of all channels. 
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